A proposed two-dimensional model of the oxidative coupling of methane (OCM) to C2 hydrocarbons (e.g., C2H4 and C2H6) in a fixed bed reactor operated under isothermal and non-isothermal conditions is described which can provide more accurate predictions of experimental data than the simplified one-dimensional model. The model includes a set of partial differential equations of the continuity, mass transfer and energy balance equations. The performance of the OCM using different catalysts was assessed in terms of CH4 conversion, C2 selectivity and C2 yield with respect to key operating parameters, such as feed temperature (973-1173 K), CH4/O2 ratio (3.4-7.5) and gas hour space velocity (GHSV) (18000-30000 h -1 ). The simulation results indicated that the Na-WMn/SiO2 catalyst exhibits the best performance among all of the catalysts. The C2 yield were 20.16% and 20.00% for non-isothermal and isothermal modes respectively which the OCM reactor is operated at a CH4/O2 ratio of 3.4, a feed temperature of 1073 K and a GHSV of 9720 h -1 . An increase in the operating temperature increases the CH4 conversion but decreases the C2 selectivity. However, the effects of the CH4/O2 ratio and the GHSV exhibit an opposite trend to that of the operating temperature.
Introduction
Natural gas consists primarily of methane and is a raw material for a number of synthetic products [1] . One of many processes for natural gas utilization is oxidative coupling of methane (OCM); this process can directly convert methane into precious C2 hydrocarbons. Works on the OCM reaction have been reported since the pioneering work of Keller and Bhasin in 1982 . However, it is still a great challenge to improve on obtaining higher conversion of methane and ethylene, and high C2 hydrocarbons selectivity in the production process [2] .
In OCM process, several reactions occur simultaneously including homogeneous gas phase reactions and heterogeneous catalytic reactions, parallel and consecutive reaction with very complex reaction kinetics. Numerous kinetic reaction models have been presented to describe the performance of the OCM process over a large number of catalysts [3] [4] [5] [6] [7] . Several catalysts for OCM reaction were found to be effective in heterogeneous-homogeneous complex process [8] . Parameters of metal oxides, such as basicity, band gap, and electrical oxidative coupling of methane conductivity were some of the important parameters in affecting the catalyst performance. However, Li/MgO, La2O3/CaO and Na-W-Mn/SiO2 were three of the most popular catalysts presented in the literature involving the studies of the OCM process because of their high performance [9] [10] [11] [12] [13] . Li/MgO is one of the most commonly studied OCM catalyst system, particularly to show that higher C2 yields (> 70%) are attained in the dense oxide membrane reactor than in conventional packed-bed reactors and it showed high catalytic activity in the low temperature range [14] [15] [16] . In additional, La2O3/CaO demonstrated a promising result with 42% methane conversion and yield up to 20% [17] . Their kinetic reaction for OCM has been a strong interest in Na-W-Mn/SiO2 and is thus extensively studied by several researchers. Their experimental results suggested this catalyst had appealing prospects in commercial application [18] .
There are many types of reactors such as moving bed chromatographic reactor, membrane reactor, fluidized-bed reactor, catalytic jet-stirred reactor, and fixed bed reactor, have been reported. The applications of membrane reactor combining the separation and reaction in one unit to control oxygen concentration along the reactor were promising in enhancing CH4 conversion, yield and C2 selectivity for OCM process. The performances of catalytic membrane reactor (CMR), catalyst packed bed membrane reactor (PBMR), and packed bed reactor (PBR) were compared at optimum condition and found that CMR performed best among three reactors with CH4 conversion by Bhatia and his co-workers [19] . Wang and co-workers showed the remarkable study that the improvement of C2 selectivity was observed when catalyst was packed in the membrane tube [20] . Fixed bed reactor is investigated in the most studied due to technically feasible and economic. Using mathematical model in fixed bed reactor study on OCM process was the easiest to design, scale up, and could be analyzed. In addition, OCM is an extremely exothermic reaction, and hot spots always occur in the catalyst. Heat removal was therefore essential for practical operation, and reactors were likely to be operated under non-isothermal condition [21] . The design of the fixed bed reactor using a two-dimensional mathematical model considering both axial-and radial-directions is more complex than that of a one-dimensional study considering only the axial axis. The two-dimensional model is more realistic and provides better prediction accuracy than the one-dimensional model. The need for the two-dimensional model becomes essential when a reactor with a large diameter is operated because the effect of radial dispersion becomes more pronounced. In the reactor design, it is important to determine a location where the hot spot is severe so that the operational problems, such as catalyst sintering, can be avoided and a suitable operating condition can be selected.
Therefore, in this study, two-dimensional mathematical modelling of the oxidative coupling of methane (OCM) to C2 hydrocarbons (C2H4 and C2H6) in a fixed bed operated under isothermal and non-isothermal conditions is investigated using the COMSOL® Multiphysics Program. Fixed bed reactors are modelled using the available information on the reaction kinetics of three different catalysts. The simulations are aimed at finding a suitable catalyst and determining the performance of the OCM process using a twodimensional mathematical model.
Simulation

Kinetic Model
Numerous kinetic reaction models have been presented to describe the performance of the OCM process over several catalysts. Li/MgO, La2O3/CaO and Na-W-Mn/SiO2 are three of the most studied catalysts in the literature related to the OCM process. Li/MgO exhibits high catalytic activity in the low temperature range, La2O3/CaO was one of the most common catalysts used in OCM models and Na-W-Mn/SiO2 was one of the most studied three-component catalyst. In the model, the kinetic mechanism and kinetic equations considered in this work were proposed by Wang and Lin [3] over a Li/MgO catalyst, Stansch et al. [4] over a La2O3/CaO catalyst and Danespayeh et al. [18] over a Na-W-Mn/SiO2 catalyst. The stoichiometric equation and reaction rate of each of the proposed models are presented in Table 1 .
Reactor Model
The transport phenomena were coupled with the reaction kinetics to develop a reactor model. The twodimensional flow field in a fixed bed reactor was coupled with the mass and heat transport for the simulation performance of the OCM process, as well as the velocity, concentration and temperature profiles.
Geometry and boundary condition
The reactor geometry considered was a 2D cylindrical one, and the flow enters the computational domain at a known velocity, composition and temperature. At the outlet, it was assumed that the convective part of the mass and heat transport vector was dominating. At the tube wall, a heat transfer was defined in nonisothermal mode, which defined the wall insulation in adiabatic operation, and the heat flux was removed from the wall in constant-wall temperature operation. The geometry of the fixed bed reactor is presented in Figure 1 , which shows the scheme of the FBR. Methane and air were mixed and co-fed to an impermeable tubular reactor; the inner tube was filled with a bed of catalyst.
The reactor model was based on the following basic assumptions: two-dimensional mathematical model, steady-state operation and ideal gas behaviour. In addition, diffusivity in the catalyst bed was assumed to be via the Knudsen mechanism.
Governing equations
Mass balance: the mass balance for each of the eight components can be written as ( )
The rate of production was calculated for each component from the stoichiometry of the reactions. Energy balance: the energy balance for the reactor can be written as follows.
The heat source in Eq. (2), including heat of reaction and heat flux, were computed by
Momentum balance: the momentum balance for reactor describes the flow in the porous media. The equation extends Darcy's law combination with the continuity equation: Step 1 :
Kinetic parameters:
Step 1 :CH4+2O2  CO2+2H2O
Step 2 :2CH4+0.5O2  C2H6+H2O
Step 3 :CH4+O2  CO+H2O+H2
Step 4 :CO+0.5O2  CO2
Step 5 :C2H6+0.5O2  C2H4+H2O
Step 6 :C2H4+2O2 Step 7 :C2H6  C2H4+H2
Step 8 :C2H4+2H2O  2CO+2H2O
Step 9 :CO+H2O  CO2+H2
Step 10 :CO2+H2
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Step 1 : 2CH4+0.5O2  C2H6+H2O
Step 2 : CH4+2O2  CO2+H2O
Step 6 :C2H4+2O2  2CO+2H2O
Step 7 :C2H4+2H2O  2CO+4H2
Step 8 :C2H6
 C2H4 +H2
Step 9 :CO2+H2  CO+H2O
Step 10 :CO+H2O
The performance of the reactor was evaluated by the conversion of reactants as well as the selectivity and the yield of the products. The conversion was defined as the fraction of the reactant that was reacted to the amount of reactant fed. For example, the conversion of methane was CH4 conversion % = (5) and the C2 selectivity was defined as the C2 product formed per reactant consumed.
C2 selectivity % =
Moreover, the COx selectivity was defined as the COx byproduct formed per reactant consumed.
COx selectivity % =
The yield referred to the specific product formed per reactant fed.
C2 yield % = (8)
In addition, in a fixed bed reactor, the effect of operating variables under three operating modes, i.e., isothermal, adiabatic, and non-isothermal condition, were considered. 
Numerical Approach
The finite element method was proposed to formulate the PDE problem. In the developed finite element model, the reactor was solved with quadratic finite element basis functions using the commercial finite element simulation environment COMSOL. The software runs the finite element analysis together with meshing, which involves a partition of the geometry model into small units of simple shapes, and error control using a variety of numerical solvers. Three application modes were required to model the heat transfer by conductive and convective processes. Mass transfer by convective processes and diffusion was 
Results and Discussion
The simulations were performed for OCM in a fixed bed reactor. The conditions used in the simulation are summarized in Table 2 , and the catalyst properties are presented in Table 3 . 
Model Validation
The validation of the kinetic model (for Li/MgO, La2O3/CaO and Na-W-Mn/SiO2 catalyst) was performed first to ensure that the mathematical models could well predict the OCM performances. The model used was the two-dimensional plug flow model. The validity of the Li/MgO catalyst using the kinetic rate expression reported by Wang and Lin [3] was assessed by comparing our simulation results with the simulation data from the literature [13] in the fixed bed reactor. Figure 2(a) shows yield of the C2 products versus the run numbers under the conditions in the literature, which are presented in Table 4 (a). Figure 2(b) shows the validation results of the La2O3/CaO catalyst by comparing our simulation results with the simulation data reported by Tye et al. [12] in terms of the C2 yield versus the run numbers under the conditions of the literature, which are presented in Table 4 (b). 
Catalytst Selection
This section considers the selection of a suitable catalyst among Li/MgO, La2O3/CaO and Na-W-Mn/SiO2 catalysts at various conditions, i.e., gas hourly space velocity (GHSV), CH4/O2 ratio, and temperature. The system was based on a fixed bed reactor under isothermal operation mode. A summary of the operating conditions in this section is presented in Table 5 . The performance of the OCM reaction was considered in terms of the CH4 conversion and the C2 selectivity. Figure 3 shows the activities of the three catalysts for GHSV in a range of 18000 to 30000 1/h. The order of the CH4 conversion follows Na-W-Mn/SiO2 > La2O3/CaO > Li/MgO. The CH4 conversion was decreased with the increase of the GHSV for all catalysts. Figures 4-8 show the results of the C2 selectivity to CH4 conversion at a position of reactor length (the inlet of the reactor at CH4 conversion was set to zero) under different conditions, which are summarized in Table 5 from all figures; the CH4 conversion was increased and the C2 selectivity was decreased with an increase of the distance from the inlet to the reactor for all catalysts. It was obvious that CH4 conversion for the Na-W-Mn/SiO2 catalyst was higher than those for the La2O3/CaO and Li/MgO catalysts. Moreover, the C2 selectivity for the Na-W-Mn/SiO2 catalyst was higher than those for the Li/MgO and La2O3/CaO catalysts. The COx selectivity for the La2O3/CaO catalyst was higher than those for the Li/MgO and Na-W-Mn/SiO2 catalysts at all conditions. In addition, even the La2O3/CaO catalyst provides a CH4 conversion higher than that of the Li/MgO catalyst, but the C2 selectivity was lower. The presence of oxygen as a co-feed reactant affected to limited CH4 conversion at different values as a result of consumed oxygen completely in the reaction. The comparison of the OCM performance among the catalysts at various CH4/O2 ratios is shown in Figs. 4-6 . The CH4 conversion was decreased while the C2 selectivity was increased with the increase of the CH4/O2 ratio for all catalysts. Moreover, the comparison of the OCM performance among the different catalysts at various temperatures is shown in Figs. 6-8 . The CH4 conversion increased and the C2 selectivity decreased with an increase of the temperature. Note that at higher temperature, the rate of decrease of the C2 selectivity was greater than that at lower temperature, for example, for the Li/MgO catalyst, at 1173 K, the difference of C2 selectivity between the outlets to the inlet was 4.43 % but at 993 K and 1073 K, the differences were 3.58 % and 3.84 %, respectively. The maximum C2 yields for all catalysts at a temperature of 1173 K and a CH4/O2 ratio of 3.4 were 30.07 %, 19.2 % and 20.43 % for Na-W-Mn/SiO2, La2O3/CaO and Li/MgO, respectively. The simulation results indicated that the Na-W-Mn/SiO2 catalyst offers the best performance among all of the catalysts under isothermal mode. 
Fixed Bed Reactor Study
From the previous section, we know that the Na-W-Mn/SiO2 catalyst exhibits the best performance for the OCM reaction. In the present study, the Na-W-Mn/SiO2catalyst was selected for this study. The effect of operating conditions, i.e., GHSV, temperature, CH4/O2 ratio and air flow rate, was investigated in a fixed bed reactor under non-isothermal mode. The 2-dimensional model was used to explore the profiles of temperature and concentration in the axial and radial directions.
Effect of GHSV
The effect of GHSV in a range of 9000 to 33000 1/h, at a CH4/O2 ratio of 2 and at a temperature of 1073 K on the CH4 conversion and the C2 selectivity is presented in Fig. 9 . The CH4 conversion decreased, whereas the C2 selectivity increased with the increase of the GHSV. Increasing the GHSV results in a lower contact time and hence, the CH4 and O2 conversions were decreased ( Fig. 10 for O2 conversion) . However, the higher GHSV was more favourable for the C2 hydrocarbon production because the shortening of the contact time between the C2 products with the oxygen can limit the formation of carbon oxides. Figure 11 shows the ethylene concentration profile. The GHSV was considered at 9720 (a.), 16197.3 (b.), 25915.7 (c.) and 32394.6 (d.) 1/h, and the temperature and CH4/O2 were fixed at 1073 and 2, respectively. From Figs. 11a -11b , the amount of ethylene was decreased in the middle of a reactor because it reacts with oxygen to form carbon oxides. However, when the GHSV increases, the observed decrease in the amount of ethylene was reduced, as shown in Figs. 11(b)-(d) . Figure 12 shows the temperature profile under this condition. For the lower GHSV results (a. and b), dissipation of the hot spot along the axis of the reactor was observed because the OCM reaction and the oxidation of hydrocarbons was highly exothermic. The reactor temperature increases as the reaction heat was accumulated. In this study, the hot spot disappears when operating at high GHSV, as shown in Figs. 12(c)-(d) . All of the results indicate that the GHSV has significant influences on both the OCM performance and the thermal management of the reactors. 
Effect of temperature
The effect of temperature on the CH4 conversion and the C2 selectivity is presented in Fig. 13 . The temperature was considered in a range of 993-1173 K, the CH4 /O2 ratio was 2 and the GHSV was 9720 1/h. It was found that when increasing the feed temperature, the CH4 conversion and the COx selectivity were increased, thus decreasing the C2 selectivity. Hence, too high or too low a temperature was not beneficial for the C2 yield. From the result, the best feed temperature would be 1073 K that represents highest C2 yields. Figure 14 shows the temperature profile of the feed temperature at 993 (a.), 1023 (b.), 1073 (c.) and 1123(d.) K, when the CH4 /O2 ratio was 2 and the GHSV was 9720 1/h. When increasing the feed temperature, the maximum temperature was found to increase as well. For the maximum temperature of up to 1543.7 K, the inlet temperature was 1123 K. The heat of reaction released in the OCM increased with the reaction temperature along the reactor. The higher temperature profiles for 1073 K and 1123 K indicate a hot spot occurring along the axis of the reactor. The temperature variation in the radial direction in the same plane lies in the range of 100 to 150 K; hence, safety is a factor that should be considered. The wall temperature was an important parameter, which was related to the heat removal.
These results suggest finding an optimum condition to obtain the best system in this FBR study. 
Effect of CH4/O2 ratio
The effect of the CH4/O2 ratio in a range 2-7.5 at a GHSV of 9720 1/h and a temperature of 1073 K on the CH4 conversion and the C2 selectivity is presented in Fig. 15 . The CH4 conversion was decreased, whereas the C2 selectivity was increased with the increase of the CH4/O2 ratio. The oxygen also causes the production of methyl radicals which cause the formation of C2 hydrocarbons. Because the oxygen content in feed was decreased to cause an insufficient amount of oxygen in the reaction, the CH4 conversion was decreased. However, when the oxygen concentration was high (low CH4/O2 ratio) the oxidation of methane and the C2 product became pronounced. Figure 16 shows the oxygen and ethylene concentrations at CH4/O2 ratios of 2 and 3.4 in Figs. 16(a) and 16(b) , respectively, to provide a comparison on the OCM performance. At a CH4/O2 ratio of 2, Fig. 16(a1) shows the O2 conversion was 100% at the first part of the reactor and that the CH4 conversion was as high as 55.83 %. In addition, Fig. 16(a2) shows that the ethylene concentration starts to decrease at same point of 100 % conversion of oxygen because it was oxidized to COx. The ethylene concentration was improved with increasing CH4/O2 ratio to 3.4, as shown in Fig. 16(b) . In addition, the effect of the CH4/O2 ratio has an influence on the temperature in the reactor. Figure 17 shows the temperature profile at CH4/O2 ratios of 2 (a.) and 3.4 (b.). The hot spot disappeared when the CH4/O2 ratio was 3.4 because the reaction site is extended along the inner wall thus reaction is faster with higher selectivity and yield, at the same time reducing the hot spot existing in catalyst. 
Effect of the Mode of Operation
It was interesting to compare the effect of the mode of operation, including isothermal, adiabatic and nonisothermal conditions, on the CH4 conversion, the C2 selectivity and the C2 yield. Table 6 presents the results of the comparison under the same feed conditions. The OCM process was simulated under conditions of a CH4/O2 ratio of 3.4, a feed temperature of 1073 K and a GHSV of 9720 1/h. When comparing the different modes, the CH4 conversion in adiabatic mode was higher than those of the nonisothermal mode and isothermal mode, but it exhibited the least C2 selectivity. Moreover, operation in adiabatic mode exhibits a hot spot (region) along the axis of the reactor, as seen from the temperature profile in Fig. 18(a) . To limit the hot spot, providing some arrangement of cooling around the catalyst bed can control the temperature in the reaction, as demonstrated in the case of the non-isothermal operation mode shown in Fig. 18(b) . Other methods were proposed to solve the hot spot problem, such as shortening the catalyst bed or dilution of the first portion of the catalyst bed (Moustafa et al. (2007)). The C2 yield of 20.16 % was achieved in non-isothermal mode, while they were 20.00 % and 17.62 % for isothermal and adiabatic modes, respectively. The nature of the OCM reaction was highly exothermic. Hence, to achieve this operation condition, a cooling temperature with a high heat transfer coefficient was required. The 2-dimensional model studied and analyzed the effect of operating variables such as CH4/O2 ratio, GHSV and temperature in the fixed bed reactor on the reaction performances such as conversion, selectivity, yield via expression of surface plot for each profile (concentration and temperature profiles). The comparison of these results and Karimi et al.,2007 supported that the operating condition particularly temperature, GHSV and the CH4/O2 ratio was strongly effect the OCM reaction on C2+ selectivity, CH4 conversion and the yield of C2+ However the detailed 2D model can provide more accurate predictions of experimental data than the simplified one.
Conclusions
Two-dimensional mathematical modeling of the oxidative coupling of methane (OCM) in a fixed bed reactor was studied in this research. The simulations were performed using the Comsol multiphysics program. The present study indicated that the models were well-validated with the previous results reported in the literature. Suitable catalysts were selected via a comparison among the Na-W-Mn/SiO2, La2O3/CaO and Li/MgO catalysts in isothermal mode. The simulation results indicated that the Na-W-Mn/SiO2 catalyst offers the best performances among all of the catalysts under various conditions. Different operating conditions, such as temperature, CH4/O2 ratio and GHSV, influence the performance of the OCM reactors packed with Na-W-Mn/SiO2 and operated in non-isothermal mode. Increasing the operating temperature increased the CH4 conversion but decreased the C2 selectivity However, the effects of CH4/O2 ratio and GHSV exhibited contrary results. Especially regarding the hot spots in the reactor, it was found that the three operating variables (CH4/O2 ratio, GHSV and temperature) affect the occurrence of hot spots. A suitable condition to achieve the best performance was at a CH4/O2 ratio of 3.4, a feed temperature of 1073 K and a GHSV of 9720 1/h. The maximum C2 yield was 20.16%. In addition, from the studies of the three modes, isothermal, adiabatic and non-isothermal, the results were found for the non-isothermal and isothermal modes; heat management can improve the performance of the OCM reactor, which can be used in a real operation in the reactor design. Moreover, the performance of the OCM may be improved when changing the reactor configuration, e.g., a catalytic membrane reactor should be considered.
